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Abstract— Single-Particle Interferometric Reflectance Imaging 
Sensor (SP-IRIS) enables optical visualization and 
characterization of individual nanoparticles without any labels. 
Using this technique, we have shown end point and real-time 
detection of viral particles using laminate based active and passive 
cartridge configurations. Here, we present a new concept for low-
cost microfluidic integration of the sensor chips into compact 
cartridges through utilization of readily available Si fabrication 
technologies. This new cartridge configuration allows 
simultaneous detection of individual virus binding events on a 9-
spot microarray, and will provide the needed simplicity and 
robustness for routine real-time operation for discrete detection of 
viral particles in a multiplex format. 
 
Index Terms— Nanoparticle, single virus, digital detection, 
biosensing, optical interferometry, label free, Si-based 
microfluidics 
I. INTRODUCTION 
iRUSES are by far the most abundant species on earth. The 
total number of viruses/phages in the biosphere (estimated 
at ~1032 [1]) are much larger than the number of stars in the 
known universe. The detection, visualization and 
characterization of individual viruses is of significant interest 
due to their relevance to many infectious diseases and human 
cancers [2]. Electron microscopy has been the most commonly 
used method for visualization and characterization of such 
nanoparticles, however, besides its complexity and low 
throughput, it does not allow for real-time detection in liquid. 
High-Q resonator based approaches have been shown to 
successfully detect individual nanoparticles given that the 
nanoparticle interacts with the active sensor area. [3-6] For 
applications that require specificity and sensitivity for samples 
with limited number of viruses, however, wide-field imaging of 
individual particles immobilized on sensor surface through 
interaction of their surface antigens with capture antibodies 
would be ideal. [7] Several imaging technologies that can 
visualize nanoparticles directly without any labeling have been 
demonstrated, including Imaging Surface Plasmon Resonance 
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Fig. 1 Conceptual diagram demonstrating virus detection using 
SP-IRIS. Virus particles are captured specifically on antibody 
arrays within the flow cell. At each time point, the sensor surface 
is imaged at a range of defocus positions to form a z-stack. The 
interferometrically enhanced scattering from the particles enables 
their detection and enumeration by a particle finding algorithm 
Temporal, discrete measurement of particle binding at multiple 
spots (such as blue and pink spots shown in diagram) within the 




Fig. 2 104 nm polystyrene beads (A) and virus particles (B) 
imaged in air and water. The visibility of single nanoparticles is 
reduced in water by 3-fold. Reproduced with permission from [19], 
Copyright ACS Nano, 2016.  
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Microscopy [8-10], Photonic Crystal Enhanced Microscopy 
[11-12], Dark-Field Microscopy [13-14], Interferometric 
Scattering Microscopy [15], and Single-Particle Interferometric 
Reflectance Imaging Sensor (SP-IRIS) developed recently by 
our group [16]. For each of these methods, the size and the 
refractive index of the nanoparticles determines the strength of 
the signal: changes in resonant wavelength, scattered spectrum, 
or scattered/absorbed intensity. Therefore, visualization of viral 
particles remains a challenge due to their small size and low 
refractive index.  
The focus of this paper will be on SP-IRIS for real-time 
detection of viral particles. For an excellent review on other 
imaging-based digital detection of nanoparticles, the reader is 
referred to [7] In SP-IRIS, the viral particles are captured on a 
sensor surface (a silicon substrate with thermal oxide layer), 
which causes an enhancement in the detected particle scattering 
signal due to interference. The details of the working principle 
of SP-IRIS are explained in earlier work. [16-21] (Fig.1) Using 
this method, we have demonstrated detection and quantification 
of individual viral particles in end-point assays (dry 
measurements) [16-18] and in real-time (in-liquid 
measurements) [19-20] with high sensitivity. In end point 
assays, interferometric imaging yields sufficient visibility of 
viral nanoparticles due to relatively high refractive index 
contrast between the particle (n=1.5) and the medium (nair=1). 
The significant drawback of changing the medium from air to 
water (nwater=1.33) is that it results in a three-fold reduction in 
signal, and thus, discriminating the particles from local 
background becomes a challenging task. (Fig.2) Nevertheless, 
the ability to observe particles in real-time as they bind/debind 
enables monitoring of individual events, which reduces the 
ambiguity in particle enumeration and increases the sensitivity 
for weak particle/probe interactions.  
In this paper, we review the evolution of SP-IRIS in terms of 
instrumentation and integration of sensor chips in fluidic 
cartridges. We present a new concept for low-cost microfluidic 
integration of the sensor chips into compact cartridges for real-
time, multiplexed, robust, and easy-to-use detection of 
individual viral particles without any labels. The concept 
utilized readily available processing technologies for Si 
fabrication. We also discuss the current state of the SP-IRIS 
instrumentation. 
II. EVOLUTION OF REAL-TIME SP-IRIS  
A. Instrumentation and Cartridge 
For detection of viral particles in real-time, the early 
generations of SP-IRIS instrument utilized a high-
magnification objective and high-precision and long-range 
XYZ stages. They were built on an optical table using standard 
cage system with steel rods, on which optical components can 
be mounted along a common optical axis. The details of these 
systems are explained in previous work. [16-21] Due to their 
small field of view, high cost, large footprint, and low rigidity, 
the early generations were not suitable as multiplex, 
inexpensive, and portable instruments for real-time virus 
detection.   
 
The earlier generations of SP-IRIS cartridges for detection of 
viral particles are shown in Fig.3. The first generation cartridge 
(Fig.3-A) is a multilevel laminate flow cell, where the liquid 
enters and exits from the top surface of the cartridge 
necessitated by the planar Si sensor chip. To bring the target 
solution in contact with the top surface of the sensor chip, a 
channel is formed by stacking multiple layers of plastic 
adhesive films supported by a stiff acrylic base. This first 
generation cartridge enables controlled flow rates and ease of 
use in terms of chip alignment. 
 
 
The second generation cartridge (Fig.3b) is a multi-layer 
 
 
Fig. 3 Early generations of SP-IRIS cartridges for virus detection. 
A) First generation active flow, disposable, laminate cartridge. B) 
Second generation passive, disposable, laminate cartridge with 
integrated paperfluidic flow control. Reproduced with permission 




Fig. 4 Detection of viral hemorrhagic fever viruses with early 
generation SP-IRIS cartridges and instrumentation. (Top panel) 
Detection of virus accumulated on sensor surface with the first 
generation cartridge for a serial dilution starting from 1 × 106 
PFU/mL. Expansion of lower concentrations reveals a limit of 
detection of 100 PFU/mL. Reproduced with permission from [19], 
Copyright ACS Nano, 2016. (Bottom panel) Detection of gamma 
irradiated Ebola virus spiked into FBS with the second generation 
cartridge, and comparison to rapid Ebola diagnostic test (Corgenix 
ReEbov). Reproduced with permission from [20], Copyright Lab 
Chip, 2017.  
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laminate-based design combined with paper-based fluid 
handling. The sample reservoir and adsorbent pad that enables 
capillary driven flow are incorporated into the cartridge, which 
eliminates the need for a syringe pump. The second generation 
disposable cartridge is a practical alternative for applications 
that require reduced sample exposure risk. For both of these 
cartridges, the laminate design has the promise of low per unit 
cost in high volume using reel to reel manufacturing techniques. 
However, to achieve low unit cost, a substantial investment in 
infrastructure and process development is required. For 
production volumes in 100s to 1000s, relatively complex design 
and manual alignment of layers results in high unit cost. 
Additionally, the yield can be low due to alignment issues 
during assembly of the layers. In our earlier experiments, the 
cost per unit varied between $40-100. Furthermore, the 
plastic/polymer window material of the laminate cartridges 
limit the quality of images due to waviness of the material and 
difficulties in applying anti-reflection coatings. We have 
concluded that a new concept and cartridge design is necessary 
to facilitate the research and development of the label-free 
detection of viral pathogens and other biological nanoparticles. 
The desired solution should be scalable to a volume of many 
thousands at low unit cost (less than $10) without an investment 
in infrastructure. We describe our new chip/cartridge concept in 
section III after reviewing the experimental results with 
laminate cartridges. 
 
B. Detection of Viral Hemorrhagic Fever Viruses 
 
With the early generation instrument and cartridge 
configurations, we have successfully demonstrated detection of 
viral hemorrhagic fever viruses. The details of the experiments 
are provided elsewhere. [19-20] With the first generation 
cartridge, high-sensitivity (100 PFU/ml) real-time detection of 
viral particles from serum is achieved. The second generation 
cartridge is utilized for rapid detection (20 min) of virus binding 
with a sensitivity comparable to laboratory assays (e.g. ELISA 
and plaque assay), and more than an order of magnitude better 
than the point-of-need paper-based ReEbov test strips (see Fig.4 
for a review of the published results with laminate cartridges). 
III. NEW GENERATION SP-IRIS 
In order to enable routine real-time operation of SP-IRIS for 
detection and enumeration of nanoparticles, we have 
implemented advancements in instrumentation and cartridge 
design towards a low-cost, portable system with small footprint 
and high stability that warrants disposable, multiplex assays 
without sacrificing discrete detection. 
 
A. Instrument Design 
The new generation SP-IRIS instrument employs a low-
magnification objective (20X/0.45 NA), which allows for 
monitoring up to 9 spots in a single field of view (706.6 µm x 
517.5 µm). This configuration provides sufficient visibility for 
viral pathogens larger that 100 nm in size. For detecting smaller 
viruses, a higher magnification objective (for example 40X) can 
be substituted. The technique has the demonstrated ability to 
detect viruses down to 50 nm size. The instrument (See Fig.5) 
is compact (12 in wide x 18 in deep x 12 in tall), and supported 
by custom manufactured stainless-steel plates and brackets for 
added stability and alignment precision. With the replacement 
of high-precision translation stages and expensive camera, the 
cost of the prototype instrument is reduced down to less than 
$10,000 using off-the-shelf components. 
As a common-path interferometry imaging technique, SP-
IRIS employs Köhler illumination where the back focal plane 
of the objective and light source are in conjugate planes. This 
configuration allows adjustment of the illumination geometry, 
improving the visibility of scattering particles by ~3 fold as 
demonstrated in earlier work. [22] The Köhler illumination arm 
consists of a ring-actuated diaphragm followed by a 1:1 4-f 
system with 60 mm achromatic lens doublets (Thorlabs), and 
the illumination NA is reduced to 0.3 using the diaphragm. The 
LED (525 nm central wavelength, 40 nm FWHM, LedEngin) is 
mounted on an integrating sphere (Thorlabs) for a uniform 
output beam. The light scattered from particles and reflected off 
the surface are collected with an extra-long working distance, 
20X/0.45 NA objective with correction ring (CFI S Plan Fluor 
ELWD 20X, Nikon), and detected at the 12.3 MP monocolor 
CMOS camera (FLIR) with global shutter. Sample 
displacement along the XYZ directions is implemented using 
motorized stages (Thorlabs, MTS25-Z8 (X and Z), MTS50-Z8 
(Y)). For data acquisition, an open-source microscope control 
tool, Micromanager, is utilized.  
 
B. Chip and Cartridge Concept 
In previous work, we have demonstrated that the defocus 
response of the particles depends on optical system parameters 
(e.g. illumination wavelength and NA), sensor chip (e.g. layer 
thickness, substrate material), as well as measurement setting 
 
 
Fig. 5 Schematic representation of the SP-IRIS detection 
instrument. 
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(e.g. in air or in liquid), and optimization of a combination of 
these parameters is needed to determine the best configuration 
for detection of particles of a given material, size, and vertical 
position. [23-25] In SP-IRIS, a silicon substrate with thin 
thermal oxide is used as the sensor surface. Silicon substrates 
were chosen since precisely controlled and uniform layers of 
oxide can be grown on them by the self-limiting thermal 
oxidation process. Additionally, the silicon substrate absorbs 
any light not reflected from the Si/oxide interface, and 
eliminated most of the stray light.  
As described above, it is desirable to have a chip/cartridge 
system that can benefit from established Si fabrication 
processes and achieve low unit cost without investment in 
infrastructure. Recently, we have identified a fabrication 
method to significantly lower the cost of the cartridges for in-
liquid detection. Using laser micromachining, through holes are 
drilled on the SP-IRIS chips allowing a much simpler integrated 
cartridge as shown in Fig.6. The cartridge is composed of the 
SP-IRIS chip (110 nm thick oxide on Si) with inlet and outlet 
holes for fluidics, and a flow channel is formed by attaching a 
cover glass (0.7 mm thick) with a patterned silicon single-side 
adhesive layer (0.5 mm thick) to define the channel height. 
(Fig.6-B) The cover glass is anti-reflection coated on one side 
to reduce the effect of reflections from the air/glass interface, 
which can significantly affect the image quality in 
polycarbonate or Cyclic Olefin Copolymer (COC) based 
windows. This reusable glass/channel unit, together with the 
disposable chip is then placed in a custom-made fixture to 
interface with fluidic pumps.  
 
The single-side adhesive channel layer permits for easy 
removal of chip from the spacer/glass assembly. This enables 
re-use of the spacer/glass assembly with a different sensor chip, 
or additional handling of the used chip if necessary. The 
channel height and material can be easily tailored to need. We 
have identified double-side pressure sensitive adhesives (PSA) 
with a support layer in between as a suitable alternative for 
thinner channels down to 130 µm, in which case, the cartridge 
is single-use.  
The new rectangular chip design is 25 mm x 12.5 mm in size, 
i.e. a single 6 inch wafer will yield 42 individual chips. (Fig.6-
A) Each chip has a 6 mm x 8 mm middle region for the 
microarray spots, which allows for packing ~760 spots with 250 
µm spot-to-spot distance in rows and columns. 
Depending on the precise configuration (e.g. re-
usable/single-use, silicon spacer/PSA, cover glass thickness, 
AR coating properties), the cost of the cartridge is well under 
$10 at a volume of 100s to 1000s of chips, and can be as little 
as $2 in large production volumes. Note that these include the 
cost of the sensor chip as it is part of the cartridge itself. A 
significant advantage of using Si-based microfluidics over 
laminate-based alternatives is that there is no setup cost for 
production owing to the well-established semiconductor 
fabrication industry. 
 
C. Fixture Design 
To connect the chip/cartridge to an external fluidic system, 
we designed and fabricated a robust and easy to use clamping 
fixture (Fig.7). The cam actuated clamping fixture consists of 
three main components connected to an aluminum baseplate as 
shown in Fig.7-A.  A fluidic manifold (a) provides an o-ring 
interface between the microfluidic chip and an external 
pump.  A removable clamping bar (b) attaches to a spring-
loaded mechanism, which applies downward force to the top of 
the microfluidic cartridge to ensure a good seal against the 
underlying o-rings. The clamping fixture provides enough 
clamping force to fully compress these seals, so that the back of 
 
 
Fig. 6 A) New generation SP-IRIS chips with through holes on a 
6 in wafer. B) Illustration of Si-based SP-IRIS cartridge with 
channel layer and glass cover with AR coating. 
  
 
Fig. 7 A) CAD model of the Cam actuated clamping fixture in 
loading (top) and imaging (bottom) positions. The Cam actuated 
clamping fixture consists of three main components: a fluidic 
manifold (a) for o-ring chip/pump interface, a clamping bar (b) for 
seal against the underlying o-rings, and a cam handle (c) for 
application/removal of the clamping force. The user can 
temporarily remove the clamping force to facilitate chip loading 
and unloading by rotating the cam handle (c) in the clockwise 
direction until the cam followers is captured in a detent marking 
the “open” position,  locking the springs into a compressed 
configuration and allowing easy access to the clamping bar and 
sample.  Rotating the handle counter-clockwise after the chip has 
been installed and the clamping bar inserted re-applies the 
clamping force to the o-ring seal. B) The cross section shows the 
fluidic path and connections, where the cartridge is placed on the 
fluidic manifold. 
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the chip substrate is coplanar with the top surface of the 
manifold. This co-planarity is required in order to ensure 
repeatable alignment between chip surface and the optical 
system. The clamping mechanism has two states – a loading 
state which allows for easy access to the chip area, and a 
clamping state in which force is applied to the top of the 
disposable cartridge. This is achieved by a rotary cam (c) to 
control the position of a removable clamping bar. The user can 
switch between the clamping state and the loading state by 
rotating the cam handle by 180 degrees, which activates a cam 
follower connected to the spring carriage.  
IV. REAL-TIME DETECTION OF VIRAL PARTICLES 
In order to demonstrate the capability of the wide-field 
nanoparticle detection instrument and the Si-based cartridge, 
we utilized detection of 100 nm polystyrene nanospheres and 
virus-like particles (VLPs) as model systems for validation. 
These nanoparticles closely represent the size and refractive 
index of common viruses of interest.  
 
A. Surface Preparation 
Clean silicon chips were treated with a polymeric coating as 
described before [23]. Briefly, the chips were immersed in a 
MCP4 polymer in Coat-on solution (Lucidant Polymers) for 30 
min, rinsed with deionized water, dried under nitrogen and 
cured for 15 min under vacuum at 80 °C. Streptavidin (Sigma 
Aldrich) and Rabbit anti-EBOV VLP polyclonal antibodies 
(IBT Bioservices) were arrayed on the polymer coated chips at 
3 mg/ml concentration in PBS using a SciFlexArrayer S3 non-
contact spotter (Scienion) at 20 °C, and 57% humidity. 
Following overnight incubation in humid chamber, the surfaces 
were blocked with 1xTBST with 0.05% Tween-20 for 30 min, 
washed with deionized water and dried under nitrogen. The 
printed arrays had 155 µm diameter spots at 245 µm spot-to-
spot distance.  
 
B. Real-Time Capture and Visualization of Polystyrene 
Nanoparticles and VLPs  
100 nm biotinylated polystyrene spheres (Nanocs, 1% solid) 
and Ebola virus-like particles (IBT Bioservices) were diluted in 
PBS at 250X and 50X from stock, respectively, and introduced 
to the cartridges that include the corresponding chips at 5-8 
µl/min flow rate using a syringe pump. For both chips, 1X PBS 
was flown initially through the system to fill the chamber, and 
baseline measurements were taken to check the cleanliness of 
the sensor surface. Then, the nanoparticle solution was 
introduced by switching to the nanoparticle solution using a 4-
way valve. Once the sample reached the chamber, data 
acquisition is initiated. Z-stack images were taken (at 60 ms 
exposure time) over a 10 µm range of z-positions in 200 nm 
increments at every time point, with a temporal resolution of 1 
min. The recorded data that has the time dependency and 
defocus profile information is then analyzed with a custom 
MATLAB code, which uses template matching for particle 
detection from differential intensity images. [19, 26] The results 
are presented in Fig.8, where the movie strips display cropped 
images from representative regions of spots corresponding to 
different time points along the curves shown below. In Fig.8-A, 
detection of biotinylated polystyrene nanoparticles on a chip 
with Streptavidin spots is demonstrated, whereas in Fig.8-B, 
detection of VLPs are shown on a chip with VLP antibody 
spots. In each case, the reported particle density (counts/spot) 
corresponds to the number of particles counted within a 100 µm 
x 100 µm square area inside the spot. For these experiments, the 
particle concentrations were low, and did not lead to a 
saturation signal as evident from the presented data in Fig.8. 
The background noise in these images can be further reduced 
by averaging multiple frames at each z-position. Even without 
any averaging, we were able to demonstrate dynamic detection 
of individual particles bound on the surface. 
 
 
Fig. 8 Real-time detection and enumeration of binding of A) 100 
nm polystyrene particles and B) VLPs on sensor surface. Movie 
strips show representative cropped images (at time points: 5, 20, 
30, and 50 min. The lines are provided as guides for the eye. 
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In this article, we reviewed the evolution of the 
interferometric detection technique (SP-IRIS) for label-free 
visualization and detection of individual biological 
nanoparticles. This technique promises a significant 
improvement in sensitivity by allowing enumeration of viral 
pathogens in complex target solutions. We presented recent 
technical developments allowing for significant cost reduction 
of the instrument and disposable sensor components. Often 
most sophisticated sensing and diagnostic tools are available 
first at a very high cost and only after years of engineering and 
manufacturing improvements they become available at a 
manageable cost. We have demonstrated that low-cost 
disposable sensor chips and microfluidic cartridges can be 
manufactured using standard Si processing techniques. 
Consequently, sophisticated kinetic measurements enabled by 
SP-IRIS has the potential of having broad impact in the 
development of new biomarkers and molecular tests. Also, the 
detection of single biomolecules and nanobioparticles using 
inexpensive instruments and disposable cartridges is poised to 
impact diagnostics.      
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